We perform long-term simulations, up to ten billion years, of closely-spaced configurations of 2 -6 planets, each as massive as the Earth, traveling on nested orbits about either stellar component in α Centauri AB. The innermost planet initially orbits at either the inner edge of its star's empirical habitable zone (HZ) or the inner edge of its star's conservative HZ. Although individual planets on low inclination, low eccentricity, orbits can survive throughout the habitable zones of both stars, perturbations from the companion star require that the minimum spacing of planets in multi-planet systems within the habitable zones of each star must be significantly larger than the spacing of similar multi-planet systems orbiting single stars in order to be long-lived. The binary companion induces a forced eccentricity upon the orbits of planets in orbit around either star. Planets on appropriatelyphased circumstellar orbits with initial eccentricities equal to their forced eccentricities can survive on more closely spaced orbits than those with initially circular orbits, although the required spacing remains higher than for planets orbiting single stars. A total of up to nine planets on nested prograde orbits can survive for the current age of the system within the empirical HZs of the two stars, with five of these orbiting α Centauri B and four orbiting α Centauri A.
INTRODUCTION
The α Centauri system contains three stars. The two largest stars in the system, α Cen A and α Cen B, travel about one another on an eccentric orbit with a periapsis of ∼ 11 AU and are broadly similar to the Sun in mass (1.133 M and 0.972 M , Pourbaix & Boffin (2016) ) and luminosity (1.519 L and 0.5 L , Thévenin et al. (2002) ). The loosely-bound third star, α Centauri C, is much smaller and fainter and has an estimated orbital semimajor axis ∼ 9,000 AU from the center of mass (Kervella et al. 2017) ; α Cen C is usually referred to as Proxima Centauri because it is the nearest star to our Solar System. Models of planetary accretion suggest that circumstellar planets could have formed around α Cen A and α Cen B Quintana 2003) , provided the collision velocities of late stage planetesimals are not too large (Thébault et al. 2008 (Thébault et al. , 2009 Thébault & Haghighipour 2014) . Recent studies have investigated the necessary disk conditions that produce favorable environments for accretion to dominate over fragmentation, leading to formation of systems of multiple planets (Xie & Zhou 2008; Xie et al. 2010; Rafikov & Silsbee 2015a,b; Silsbee & Rafikov 2015) .
Public and scientific interest in the α Centauri AB system has increased in the past few years due to the abundance of exoplanetary detections by the Kepler mission and the recent discovery of an Earth-mass planet orbiting Proxima Centauri, Proxima b (Gillon et al. 2016 ). Additionally, recent observational studies have indicated the possible existence of a close-in planet α Cen B b (Dumusque et al. 2012) , but scrutiny of the analysis methods have placed the claimed billylquarles@gmail.com arXiv:1801.06131v1 [astro-ph.EP] 18 Jan 2018 detection into doubt (Hatzes 2013; Rajpaul et al. 2016) . Observations of the binary system continue with the possible observation (single event) of a transiting planet on a somewhat more distant orbit about α Cen B by Demory et al. (2015) , and a ground-based radial velocity campaign has ruled out the presence of very massive close-in planets (Endl et al. 2015) . Zhao et al. (2017) have shown that existing data places mass detection thresholds for planets in the classically defined habitable zones (HZs) at 50 M ⊕ for α Cen A and 10 M ⊕ for α Cen B. Moreover, the possibility of a space mission that will directly image any planets that may orbit within the habitable zones (HZs) of α Cen A or α Cen B is currently being studied (Belikov & ACESat Team 2015; Bendek et al. 2015) . Close conjunctions of the α Cen pair in the future may also provide a microlensing probe for the detection of planets in the system (Kervella et al. 2016) . Our study investigates how the orbits of terrestrial planet systems would evolve on timescales commensurate with the estimated age of the system (∼ 5 -7 Gyr, according to Mamajek & Hillenbrand (2008) ). Gladman (1993) used Hill stability and numerical simulation to determine the minimum spacing of two Earth-mass planets orbiting a Sun-like star. He found that an interplanetary spacing of semimajor axes of β > 2 √ 3 in units of the mutual Hill radius of the planets (Eq. 1) ensures stability of the system, whereas even slightly more closely-spaced planets suffer a close encounter very rapidly. Deck et al. (2013) showed that eccentric, coplanar systems behave in a more chaotic manner (due to the overlap of first-order MMRs) that depends on the weighted eccentricity and the mass ratio of the planets.
Systems containing four or more massive bodies are fundamentally different from the three body systems studied by Hill (1878a,b,c) , Gladman (1993) , and Deck et al. (2013) in that they have more degrees of freedom and are not well confined by integrals of motion. Studies of the planetary spacing required for stability of these many-body systems have relied primarily on numerical integrations. Chambers et al. (1996) further investigated the stability of multiple planetary systems considering up to twenty planets orbiting a Sun-like star, where the interplanetary spacing was normalized relative to the mutual Hill radius. More recent works, (e.g., Smith & Lissauer 2009; Pu & Wu 2015; Obertas et al. 2017 ) have further investigated different aspects of planetary packing involving the variations in the total number, masses, and resonant structure of planets.
Planetary packing in binary star systems has not been extensively explored, due in part to the high dimensionality of the parameter space and the relatively few exoplanets discovered in close binary systems like α Cen 1 . Thus, we are motivated to engage in these studies using the techniques developed for single star systems. We build upon our previous studies of orbital stability (Quarles & Lissauer 2016) and minimization of free eccentricity (Quarles et al. 2018) of individual planets in the α Cenauri AB system and focus on the number of planets that could reside within each star's HZ. This paper presents the results of simulations of planetary systems orbiting either star in the α Cen AB system to identify how many 1 Earth mass (M ⊕ ) planets could survive on nested, prograde, coplanar orbits within each of the stars' HZs. Our methods are outlined in Section 2. The results of our study are presented in Section 3. We discuss the results of our study and compare them to analogous published studies of planet packing around single stars in Section 4. In Section 5, we provide the general conclusions of our work along with the implications for future work.
METHODOLOGY
The numerical simulations in this work use a custom version of the mercury6 integration package that has been optimized for the study of planetary bodies within binary star systems . Using this numerical tool, we investigate the stability of tightly packed planets within the α Centauri AB binary star system on a ten billion year timescale. We ignore the presence of α Cen C even though it resides in a loosely bound orbit because its pericenter distance, ∼ 5,300 AU (Kervella et al. 2017) , is large compared to the sizes of both the AB binary orbit and the circumstellar habitable zones. Recent studies by Worth & Sigurdsson (2016) show that planetary systems near the larger stars can still form despite the possible turbulent evolution of the triple star system at earlier times. We also ignore changes in the binary stars due to stellar evolution because we are largely sampling possible past states, where the dynamical effects due to stellar evolution are negligible.
In our study, we define long-term stability as the lack of collisions between and/or ejections of any of the planets that we numerically simulate up to the estimated age of the stellar binary system, 6 Gyr. A collision occurs when the distance between two bodies during an encounter is less than the sum of their radii. A planet is considered ejected when its distance from the host star exceeds 100 AU. Almost all of our simulations are stopped due to collisions.
We keep the initial orbit of the binary stars fixed while varying the number and orbital spacing of a set of coplanar Earth-mass (1 M ⊕ ) planets. For the binary orbit, we adopt the revised orbital parameters from Pourbaix & Boffin (2016) and utilize the initial mean anomaly prescribed in Quarles & Lissauer (2016) . The dynamical outcomes do not change appreciably if one uses the parameters from Pourbaix et al. (2002) , as can be seen in Figure 1 . As all of the planets travel on prograde paths in the orbital plane of the binary stars, we adopt the dynamicist convention where i bin = 0
• denotes the reference plane and the longitude of pericenter is redefined as the argument of pericenter ( bin → ω bin ).
We select initial conditions for the terrestrial planetary systems following the method of Smith & Lissauer (2009 , where the planets begin on coplanar orbits around the host star, α Cen A (1.133 M ) or α Cen B (0.972 M ). The initial semimajor axes of these orbits vary based on an input spacing parameter β and follow an iterative scheme (Smith & Lissauer 2009) . In this procedure, the amount of mass that lies interior to the j th planet is given by:
We then use M j in a recurrence relation to assign the semimajor axis, a j+1 , of the next planet. The value of a j+1 depends upon the parameter β and the mutual Hill radius for two adjacent planets,
(1) (Chambers et al. 1996) , as follows:
This procedure yields systems where the initial period ratios between adjacent planets are roughly equal. The boundaries of the habitable zone around each star can be defined relative to the empirical limits derived for the Solar System or using more conservative limits that place the inner boundary so that it receives an amount of flux due to the radiation from its host star, S, equal to that intercepted by the Earth 2 , S ⊕ . We employ both definitions as the actual conditions for planetary habitability are not generally well-defined and depend on several assumed parameters, such as atmospheric composition and evolution. The inner edge of the empirical habitable zone (1.78 S ⊕ ) is represented by r emp and the outer edge (0.32 S ⊕ ) by r out (Kasting et al. 1993; Kopparapu et al. 2013) . Our definition of the conservative habitable zone places the inner boundary at r ⊕ (1 S ⊕ ) and uses the same outer edge as r out of the empirical HZ. The periastron distance between the stars is quite large compared to r out , so including irradiation by the stellar companion would only change the boundaries of the HZs by a small amount (Eggl et al. 2012; Kaltenegger & Haghighipour 2013) , and thus we ignore heating by the companion star. The numerical values of the boundaries of the HZs relative to the host stars are given in Table 1 . The maximum amount of energy received by such a planet from the companion star is ∼1.3% of that from the star that it orbits, which is intercepted by a planet orbiting α Cen B when the stars are at periastron and the planet lies along the line segment connecting the stellar positions. Note-Boundary limits of the habitable zones around each star in terms of the distance (in AU), orbital period (in yr), and the period ratio relative to the binary orbital period, T bin . The critical outer boundary of stability (in AU) is also given based on Quarles et al. (2018) .
We begin our simulations with the first (innermost) planet having a semimajor axis, a 1 , at the inner edge of the empirical or conservative habitable zone for α Cen A or α Cen B. Using this reference point, we explore systems expanding our iterative scheme relative to the first planet. The spacing in β scales with a 1 , and previous studies around single stars usually set a 1 = 1 AU out of convenience, but our simulations consider a significant perturbation from the secondary star, so the choice of a 1 will make a difference. The initial mean anomaly of each planet is spaced by 2πjλ radians = 360jλ degrees, where λ is the golden ratio (λ = (1 + √ 5)/2 ≈ 1.61803...), j denotes the planet number, with j = 1 corresponding to the innermost planet, and the modulo operator is used to keep the values between 0
• -360 Figure 2 illustrates how our orbital architectures are initially defined for β = 10, shown from a top-down view using the conservative (dark green) and empirical (light and dark green) habitable zone limits. Figures 2a and 2b show the relative sizes of the empirical habitable zones resulting from differences in luminosity between the stellar components and the initial locations of five planet systems. Using the conservative definition of the habitable zone, Figure 2c illustrates that these regions are widely separated even at the time of periastron passage of the binary stars.
All of the simulations of planets orbiting α Cen A use the same timestep of 15.23 days, which samples the orbit of the innermost planet at least 20 times, and the timestep for simulations around α Cen B is chosen to be 7.15 days to account for the shorter orbital period at the inner edge of the fainter star's empirical HZ. We iterate in the parameter β within the 2 -20 range in steps of 0.05 and from 20 -40 in steps of 0.1. This is adequate to probe the rise and turn-over of stability in most cases. Obertas et al. (2017) recently probed in β for planets around single stars at a higher resolution by drawing more than 10,000 samples from a uniform distribution and found that sampling in β at the resolution that we are using is sufficient in the sense that increased resolution does not dramatically affect the results (i.e., by finding more stable cases in regions of overall unstable ones). We expect that a substantial range in β will be long-lived (t > 6 Gyr) for systems with only a few planets, and thus we stop iterating once 10 runs have reached 10 Gyr.
Our results will be dynamically shaped by outer boundary limits, most notably the outer edge of each star's HZ, r out , and the outer stability limit for a single planet on a circular orbit, a cr (Wiegert & Holman 1997; Holman & Wiegert 1999; Quarles & Lissauer 2016; Quarles et al. 2018) . These outer boundary limits are most easily defined with respect to a given distance in AU, and Table 1 lists the values of a cr in AU recently found for each star by Quarles et al. (2018) . However, our study warrants describing the outer boundary limits in units of β for each specified number of 1 M ⊕ planets and each choice of the inner planet's semimajor axis. Ignoring terms of order m j /M , some algebraic manipulation of Equation 9 of Obertas et al. (2017) enables us to express the value of β 3 for a system of N planets with the inner planet at a 1 and outer planet at a N as: Table 2 gives the values of the parameter β for which the outermost planet would begin at either the outer edge of each star's HZ or the outer stability limit for a single planet on a circular orbit. Note-Outer edge, rout, of the HZs and stability limit, acr, for initially circular orbits, given in units of the planetary spacing parameter β. This boundary depends on the host star, the initial semimajor axis of the innermost planet, a1, and the number of planets in the system, n pl .
Free and Forced Eccentricity
A planet beginning on a circular orbit in the HZs of α Cen A or B rapidly reaches an eccentricity of ∼ 0.05 through eccentricity pumping from the binary companion, but planets assigned their forced eccentricities show smaller oscillations in the total eccentricity. The maximum eccentricity obtained in the initially circular runs is close to 2e F , where e F (a) is the eccentricity that is forced by the companion star on a planet orbiting with semimajor axis a. Apsidal precession of the pericenter also occurs in the (initially) circular runs, allowing planetary orbits to rotate from a non-crossing to a crossing orientation. These large eccentricities allow planets to strongly perturb one another, in many cases leading to collisions. Figure 3 illustrates how a three planet system around α Cen B with β = 11.0 can evolve in eccentricity and periastron angle over a timescale of 100,000 years. The oscillation timescale appears to be ∼18,000 years, and the inner planet's periapse angle circulates with this period. Figure 4 illustrates a similar system to that represented in Figure 3 , but with assigned initial eccentricity equal to e F (a) for each of the planets. In this case, the variations in eccentricity and periapse angles are much smaller.
Processes during planet formation tend to drive planetary systems towards a minimum in free eccentricity. This favors circular orbits in single star systems, but can lead to eccentric orbits in both the circumbinary environment (Bromley & Kenyon 2015) and the circumstellar environment when the host star has a more distant stellar companion. These two facts motivate us to explore the difference in the smallest stable value of β both for planets with initially circular orbits and for planets with initial eccentricities chosen so that they begin with minimized free eccentricity. In order to supply a good estimate of e F to use as the initial eccentricity for this second set of simulations, we build upon the numerical method described in Andrade-Ines et al. (2016) and the results of Quarles et al. (2018) for prograde bodies. We use the results from Quarles et al. (2018) that includes a piecewise-quadratic formula, which adequately provides a forced eccentricity e F as a function of the starting semimajor axis for the j th planet a j in our standard "eccentric" simulations. This formula is applied to orbits around each star in the binary system using the form of e F = C 1 a 2 j + C 2 a j + C 3 , whose coefficients are given in Table 3 for each star. Note that the difference between coefficients for the two stellar components are small because the stars have similar masses. Note-Coefficients for determining the forced eccentricity, eF , for planets on prograde orbits as a quadratic function in starting semimajor axis around each stellar component (Quarles et al. 2018 ).
Two, Three, and Five Planet Systems
We perform a series of simulations considering two, three, and five planet systems around either star in the α Cen system. The inner planet in each of these runs begins at a semimajor axis that corresponds to the inner edge of either the empirical HZ (r emp ) or the conservative HZ (r ⊕ ) of its host star, and we only iterate in β until the first ten runs that survive 10 Gyr are reached. The length of our simulations extend beyond our criterion for stability (6 Gyr) to account for extremely late instabilities (i.e., those that can occur in the future), as the Solar System can be considered unstable as per our definition (Batygin & Laughlin 2008; Batygin et al. 2015; Laskar & Gastineau 2009 ) and there remains some uncertainty in the age of the α Cen AB system (Mamajek & Hillenbrand 2008) . In addition, our choice in the initial eccentricity of the planets may affect our results, so we explore a similar set of simulations where each of the planets begins with an eccentricity close to the forced eccentricity at its location in the binary star system.
In most cases, our three and five planet runs broadly explore up to β = 40 to show the full range of outcomes. Lifetimes generally increase with β and then decrease once the starting semimajor axis of the outermost planet approaches the stability limit for single planet systems in the α Cen binary star system (Wiegert & Holman 1997; Holman & Wiegert 1999; Quarles & Lissauer 2016) , where the specific values of β are given in Table 2 .
We plot the initial semimajor axis of the outermost planet, a 3 or a 5 , as a function of β in Figure 5a , to show how the single-planet stability limit affects the exploration in β. The points in Figure 5a are delineated by color (red or blue) representing the host star, by symbol (dot or triangle) denoting the number of planets in the system, and by the innermost semimajor axis beginning at the inner edge of the empirical (open) or conservative (filled) HZ of each star. The stability limit (red solid line) for five planets (red open triangles) in the conservative HZ orbiting α Cen A is crossed at β ≈ 21, whereas the three planet (red open dots) cases crosses the stability boundary at β ≈ 41 (See Table  2 for more precise values.). The outer edge of the HZ (dashed) is also indicated, showing that a range of values in β may be allowed through stability without all the planets residing within the respective HZ of the host star. Some of our simulations include planets exterior to the HZ, making our numerical results applicable to any choice for the outer boundary of the HZ.
Four and Six Planet Systems
One of the primary goals of our simulations is to determine how many planets can reside within the HZs of α Cen A and B. Therefore, in addition to our general study of two, three, and five planet systems, we also perform a limited study of four planet systems with a forced eccentricity around α Cen A and six planet systems with a forced eccentricity in α Cen B. The motivation for including these specific systems is largely informed by our results in Section 3.1.2, as discussed in the first paragraph of Section 3.2. We have limited our investigation to β = 25, as the peak in lifetime typically occurs at a smaller value of β than this. We show in Figure 5b the location of the outer planet as a function of β and also delineate the stability limit and the outer edge of each star's respective HZ, r out . (See Table 2 for specific values.)
RESULTS
The results of our simulations are plotted in Figures 6 -9 and 11. We use the common convention of computing the lifetime of the initial configuration (which we plot on a logarithmic scale) as a function of the planetary spacing parameter β. We delineate our results using a color-code, where black dots signify those runs with a 1 set to the inner edge of the empirical habitable zone, r emp , and red dots represent runs with a 1 set to an orbit where the planet intercepts the same flux of radiation as does the Earth, r ⊕ , i.e., the inner edge of our conservative HZ. We refer to a configuration as "stable" when its lifetime extends beyond 6 Gyr. To guide the eye, we have indicated the stable runs by highlighting them with upwards vertical ticks, retaining the color-code to signify the location of the innermost planet, and used open symbols to designate those runs that survived the entire 10 Gyr simulated.
3.1. Two, Three, and Five Planet Systems These runs explore the lifetime of nested coplanar orbits of two, three, or five Earth-mass planets orbiting either α Cen A or α Cen B. The stability of two planet systems has been well-studied around single Sun-like stars (Gladman 1993; Chambers et al. 1996 ), but has not been extensively explored in the case of binary star systems. The presence of a second star changes the character of the problem because the gravitational potential of the many-body system can be substantially different from one in which only three bodies are present, allowing for more degrees of freedom in the system and thereby preventing systems from becoming Hill stable.
The lifetime verses spacing plots share many characteristics with analogous plots for systems of three or more planets around single stars (Smith & Lissauer 2009; Obertas et al. 2017) . For closely spaced systems, the logarithm of system lifetime increases roughly in proportion to planetary spacing, with shorter lifetimes near strong mean motion resonances and scatter caused by chaos. However, systems tend to be shorter-lived than comparable systems orbiting single stars. And for configurations in which the outermost planet is strongly perturbed by the binary companion, system lifetime can flatten out with increased spacing and then turn over, with lifetime decreasing as planetary spacing is increased further.
Circular Orbits
We plot the lifetimes of initially circular, coplanar systems around α Cen A and α Cen B in Figures 6 and 7 , respectively. Overall, Figures 6 and 7 show several common features. The transition to stability occurs at substantially higher values of β than in the case of single stars. The additional small perturbations from the secondary star cause the location of the transition to stability to depend on the starting semimajor axis of the innermost planet (r ⊕ or r emp ). As is the case for multi-planet systems orbiting single stars (Smith & Lissauer 2009; Obertas et al. 2017 ), interplanetary perturbations due to mean motion resonances between the planets can reduce the lifetimes of systems by up to several orders of magnitude, resulting in stable islands in β between these resonances. For β > 6, simulations with the innermost planet beginning near the inner edge of the empirical HZ (r emp ) typically survive for longer times than those runs with the innermost planet initially near the inner edge of the conservative HZ (r ⊕ ). Also, systems of planets orbiting α Cen A are typically shorter-lived at a given value of β > 5 than systems with the same number of planets that intercept the same radiation flux around α Cen B, because the difference between the luminosities of the stars is much larger than the difference in their masses. Figure 6a illustrates that two planet systems around α Cen A with initially circular orbits are much more stable if a 1 = r emp than if a 1 = r ⊕ . Stable orbits are possible for relatively tightly spaced (β = 9.55) pairs of planets near the inner boundary of the emperical HZ. In contrast, much more widely spaced orbits (β > 21) are necessary for stability by our definition (survival for > 6 Gyr) if the innermost planet begins at 1 Earth flux, although, several planet pairs that are much more closely spaced are long-lived, with the system at β = 10 surviving for > 4.5 Gyr.
The three planet runs in Figure 6b show stable configurations are achieved only for r emp beginning at β ≈ 23, and all of the three planet r ⊕ runs undergo collisions between the planets within 1 Gyr. Finally, the five planet systems in Figure 6c become unstable on significantly shorter timescales, where the longest lifetimes are less than 100 Myr. This is largely due to outermost planet beginning close to or beyond the outer stability limit even for the smallest values of β for which three planet systems are stable with the innermost planet located at r emp ; see Figure 5a and Table 2 .
The initially circular, coplanar systems around α Cen B whose lifetimes are displayed in Figure 7 show a behavior intermediate between the systems around α Cen A displayed in Figure 6 and planetary systems orbiting the Sun. The minimum separation for two planets to be stable is β ∼ 6.5 (Figure 7) . Three planets become stable at larger values (β ∼ 10) for the r emp cases as shown in Figure 7b , somewhat larger than the β ∼ 6.4 minimum spacing of comparable systems around single stars found by Smith & Lissauer (2009) . For the r ⊕ runs, stable systems occur when β > 18. Only two of the five planet systems are long-lived in Figure 7c and both have the starting semimajor axis of the innermost planet located at r emp . We note that even though stable configurations exist, only four of the five planets reside interior to the outer boundary of our defined habitable zone.
Orbits with Minimal Free Eccentricity
A single planet initially on a circular orbit about an isolated star will remain on the same orbit indefinitely (neglecting stellar evolution and gravitational radiation), but an eccentric binary companion in a system like α Cen will excite a forced eccentricity. Therefore, we simulate systems of two, three or five planets around each of the stellar components with a forced eccentricity, e F , that depends on the starting semimajor axis of each planet in a simulation. All of the planets begin with a common argument of periastron that is aligned with the binary orbit, so that ∆ = 0
• . Planetary systems around α Cen A with minimized initial free eccentricity are stable for much tighter configurations than those begun on circular orbits, as can be seen by comparing Figures 8 and 9 to Figures 6 and 7 . The most tightly packed long-lived (> 6 Gyr) three planet runs occur at β ∼ 11 for e o = e F , in contrast to β ∼ 23 for e o = 0. In Figure 8c , a region exists between 16 and 21 in β that allows for five planet configurations with a 1 = r emp to survive past 1 Gyr, although they do not last up to 6 Gyr to meet our stability criterion. As for systems of planets with e o = 0, some regions in β are dominated by chaos or mean motion resonances. However, lifetimes of systems with a forced eccentricity are less sensitive to the starting semimajor axis of the innermost planet a 1 , as shown by a smaller deviation between runs at a constant β.
For two planets initially orbiting α Cen B, Figure 9a shows the minimum long-lived β is nearly the same value (∼ 6.7) as compared to Figure 7a . But the long-lived three planet runs (vertical ticks), appear at a smaller value in β for minimized free eccentricity (Figure 9b ) than those for initially circular orbits (Figure 7b ), with the difference being much larger for systems beginning at r ⊕ than for those with inner planet at r emp . This is also the case in the five planet runs, but to a much stronger degree, with a difference of ∼ 10 in the smallest stable β for a 1 = r emp , and five planets can even survive within the conservative HZ.
Our algorithm for choosing eccentricities of each planet independently leads to different eccentricities for each planet and thus to non-zero initial relative eccentricities of the planets. One might think that starting all of the planets with the same eccentricity, set by our estimate of the forced eccentricity of the outermost (and most perturbed) planet, might lead to longer system lifetimes. We thus re-ran the simulations of five planets systems with the inner planet orbiting α Cen A at r emp with all planetary eccentricities initially equal to the forced eccentricity of the outermost planet. As shown in Figure 10 , on average, this prescription typically resulted in slightly shorter system lifetimes.
Four and Six Planet Systems
Our three planet simulations around α Cen A that minimize free eccentricity show stable values of β with the semimajor axis of the outermost planet occurring well inside the outer limit of the HZ and the stability limit for single planets (Figure 8b ), suggesting that four planet systems might be stable within the HZ of α Cen A. Similarly, our five planet simulations (Figure 9c ) suggest that six planets might be stable within the HZ of α Cen B. Thus, we also explore the stability of four planet systems around α Cen A and six planet systems around α Cen B. We note that the outer planet is located at the single planet stability limit for a lower value of β when the number of planets is larger (see Figure 5b and Table 2 ). Figure 11a shows that four planet configurations beginning with r emp can be stable around α Cen A starting near β = 13.6, well inside the outer edge of the HZ. However, the lifetimes of systems with a 1 = r ⊕ are typically lower than those with a 1 = r emp for β 9. Few simulations systems with a 1 = r ⊕ survive beyond 1 Gyr and none last long enough to be deemed stable by our definition. None of the five planet runs in Figure 8c are stable for either choice of the innermost planet's semimajor axis.
The inner edge of the HZ of α Cen B is much closer to the host star, possibly allowing for more planets to be stable within it. However, the width of the HZ is smaller than around α Cen A, albeit only slightly smaller when measured in units of β for Earth-mass planets, and the outer edge of α Cen B's HZ is well interior to the largest stable prograde orbit of a single planet around α Cen B found by Quarles & Lissauer (2016) . More planets could stably orbit the star, but not all the planets would necessarily fit within the boundaries of our prescribed HZs. In a similar fashion to Figure 11a , Figure 11b indicates that six planet systems in the r emp runs are stable starting at β = 13.50, which places the outermost planet just beyond r out (β) = 13.45 (see Table 2 ), i.e., the outer planet orbits just exterior to the outer edge of the HZ. None of the six planet systems that began with a 1 = r ⊕ survive up to our 6 Gyr threshold for stability, and those that lasted the longest had multiple planets orbiting exterior to the HZ.
Mean Motion Resonances
The buildup of interplanetary perturbations near mean motion resonances can destabilize planetary systems, and putative planets in orbit about α Cen A or α Cen B would also experience kicks from the stellar companion. We focus on the lifetimes of systems around α Cen A as a function of the spacing in period ratios of adjacent planets. We find similar results for our runs around α Cen B, but because our prescription starts the innermost planet at the inner edge of the host star's HZ, which lies much closer to α Cen B than for α Cen A, strong effects due to the stellar companion only occur at much larger values of β for a given planet multiplicity. Figures 12, 13 , and 14 display local instabilities near mean motion resonances. The contrast is much stronger in systems with minimized free eccentricity; for instance, the instability near the 6:5 resonance appears much sharper in Figure 13b and c compared to Figures 12b and c. Systems with minimized free eccentricity are typically longer-lived for a given value of β and planetary multiplicity, allowing more time for resonant perturbations to build up. Figures 12b and 12c show small dips in stability occurring exterior to the 7:5 resonance between adjacent planets. These dips are due to the high-order N :1 mean motion resonances (N ≥ 15) of the outer planet with the stellar companion. See Quarles & Lissauer (2016) for a discussion of the effecs of these N :1 resonances on the stability of single planets in the α Cen system. This effect is strongest when the planet begins beyond ∼2 AU and depends sensitively on the starting semimajor axis of the planet. 
Effect of Free Eccentricity
Starting planets with their forced values of eccentricity significantly improves how tightly planets can be packed on nested prograde orbits in the HZs of α Cen A and α Cen B. The maximum value of forced eccentricity that we impart for a single planet is ∼0.06, which occurs when the outer planet begins near 2 AU from the host star. However, the most tightly packed stable systems typically occur where the outermost planet begins with a semimajor axis less than 1.5 AU, and for these configurations our method for forced eccentricity assigns nearly the same value (e j = 0.02 − 0.03) to each of the planets.
Our method chooses the initial eccentricity of each planet, e j , individually as a function of its semimajor axis, a j . We find that this methodology usually produces systems with slightly longer lifetimes than setting the initial eccentricity of all of the planets equal to the forced eccentricity of the outermost planet (Fig. 10) . This is likely stems from starting each planet near its secular equilibrium solution, which keeps the planetary orbits aligned with the binary orbit 
Power Law Fits to Lifetimes of Closely-Packed Systems
Previous studies of planet packing in simulations with four or more massive bodies (planets + star) have sought to fit the logarithm of the lifetimes of the systems to a linear function of the form:
in order to evaluate the slope towards stability relative to the spacing parameter β (Chambers et al. 1996; Smith & Lissauer 2009; Obertas et al. 2017) . Their results are summarized in Table 4 . We apply this type of analysis independently to each of the 28 sets of our runs whose instability times are plotted in Figs. 6-9 and 11. We compare our results for differing sets of system parameters to one another and to the single star studies by Smith & Lissauer (2009) and Obertas et al. (2017) , because the types of planetary systems that they simulated are similar to those being evaluated in our study. Chambers et al. (1996) used the same methodology, but because of their more limited computer resources they did not fit over the same range in β and they also used different planetary masses. Note-Summary of coefficients (b & c) for linear fits to Eq. (4) from previous studies around single stars with respect to the initial number of planets (n pl ) in each system. The range in planetary spacing considered for these fits is 2 √ 3 < β ≤ 8.3. We also provide the value of log t when β = 2 √ 3 (i.e., f (2 √ 3)). The dash (-) symbol denotes when uncertainties are not available in the respective work. Uncertainties are not available for any of the previous estimates of f (2 √ 3) because the values of the parameters b and c are correlated. Table 5 provides a summary of our results in terms of the key parameters that describe the linear trends at small β for each of our sets of simulations. The mass of α Cen B is less than that of α Cen A, but the luminosity of α Cen B is substantially lower, which shrinks the width of the associated HZ and shifts the inner edge of each HZ closer to α Cen B. This results in a much steeper slope and indicates that planets orbiting in the HZ of α Cen B are less perturbed by the long-range gravitational effects of α Cen A. Note that our results should not be used to extrapolate beyond the fitted region because the binary companion becomes increasingly important as β increases, so the systems deviate from the power law dependence found for planetary systems orbiting a single star. A more sophisticated fitting function is necessary to capture system lifetimes at high β values (β 9).
In addition to performing fits analogous to those of previous studies, we also fit our data to a version of Eq. (4) shifted to place the origin where the separation between planetary orbits is equal to the critical value for two planets orbiting an isolated star:
where β 2 √ 3 ≡ β − 2 √ 3 and the fitted coefficients in the shifted coordinate system are b and c . In order to produce Table 5 , we used the python module emcee (Foreman-Mackey et al. 2013 ) to determine the best-fitting parameters and their associated uncertainties σ. For most of our fits, we include the approximately linear regime, 2
, in order to compare as fairly as possible with other works. However for the two planet runs, the smallest value of β that produces a stable configuration, β † , is typically less than 8.3, and when this is the case we use β † as the outer limit for the fit instead. Note that in all cases b ≈ b and c ≈ f (2 √ 3) ≡ 2 √ 3b + c. Figure 15a displays the results of the fits for the coefficients b and c for the various sets of planetary systems that we modeled herein as well as those studied by Smith & Lissauer (2009) and Obertas et al. (2017) . A strong anti-correlation between b and c is apparent, especially if we restrict our attention to systems with a given number of planets. This trend, combined with the similarity between the lifetimes of systems with planetary separations close to β = 2 √ 3, motivated us to introduce b and c . The differences in the slope of the anti-correlation is not much different between three and five planet systems analogous to the limiting effects on stability due to planet multiplicity around single stars (Chambers et al. 1996) . On the other hand, planet multiplicity in α Cen is limited by the outer boundary of stability for single planet systems in binaries (Holman & Wiegert 1999) . Figure 15b shows an analogous plot that displays b and c for the various sets of planetary systems that we modeled herein, where b and f (2 √ 3) are used for the fits in previous studies (Smith & Lissauer 2009; Obertas et al. 2017 ) that did not fit their data for b and c . The range in the value of c in Fig. 15b is much less than the range in the value of c in Fig. 15a , with the two planet systems all having very similar values of c . Transforming to c demonstrates the similarity in lifetimes of systems with a given number of planets at β = 2 √ 3 (see Figs. 6-9), whereas c estimates system lifetimes substantially outside the fitted region (i.e., β = 0). Systems with 3-6 planets typically have smaller values of b and c than for the two planet systems, and still have an anti-correlation between the parameters plotted, albeit a much weaker one than is present in Fig. 15a .
Considering two, three and five planet systems separately, we fit the (anti-)correlation between b and c and show our result as the three cyan lines in Fig. 15a . We use the slopes of these lines to determine the shift in β required to completely remove the correlation between b and c. We refer to this shift, whose value is 3.56 Figures 15a and 15b both include eight points representing our results for 2, 3, and 5 planet systems. These represent a parameter space in which the star being orbited, assumed initial planetary eccentricities, and orbital distance of the inner planet each can take two values. For a given number of planets, single star systems have the steepest slopes. The initially circular systems orbiting around α Cen A with innermost planet at r ⊕ (filled red points lacking pink dots) have the flattest slopes because they are subjected to the largest eccentricity forcing by the companion star. In general, for the same number of planets, the less perturbed systems (open symbols with pink dots) tend to have a steeper slope than more perturbed systems, such as those on initially circular orbits or located at larger semimajor axes. With other parameters held fixed, systems with more planets have shallower slopes. For very closely spaced planets (small values of β), perturbations from the companion star are not significant because of shorter system lifetimes and the smaller semimajor axis of the outermost planet. The lifetimes of such closely spaced systems vary more closely with the orbital periods of the inner planets (Table 1) than with the strength of forcing by the stellar companion. 3) is applied. We also provide the value of log t when β = 2 √ 3 (i.e., f (2 √ 3)). The range in β considered for these fits are values greater than 2 √ 3 and include up to the lesser of 8.3 and β † . 
Note-Summary of most tightly-packed stable (lifetime > 6 Gyr) value of β (β † ), number of planets in the HZ at β † (nHZ ), and the 10 th value of β from our simulations that remained stable until our integrations were terminated at 10 Gyr (β ‡ ). These values depend on the host star, initial eccentricity (eo), innermost semimajor axis (a1), and initial number of planets (n pl ) in the system. Boldface values indicate when the initial number of planets in the HZ is less than the initial number of planets in the system. The dash (-) symbol represents sets of systems that survived for < 6 Gyr for all values of β that we simulated (β † ) or for which we did not find 10 configurations that survived up to 10 Gyr (β ‡ ).
CONCLUSIONS
We have numerically integrated tightly-packed systems containing from 2-6 planets, each being one Earth mass (1 M ⊕ ), on prograde orbits in (and in some cases slightly exterior to) the habitable zones of our stellar neighbors, α Centauri A and B, for up to 10 Gyr. The orbits of the planets are initially uniformly spaced in units of the mutual Hill radius of the planets, R Hj,j+1 , the value of which is given by Eq. (1). Table 6 summarizes our results and lists the smallest difference in initial orbital semimajor axes of neighboring planets in units of R Hj,j+1 that survives longer than 6 Gyr (the nominal age of the α Centauri system), β † ; the number of those planets initially within the designated HZ, n HZ ; and the tenth value of orbital separation parameter β for which the system survived for the entire 10 Gyr simulated, β ‡ . Perturbations from the companion star substantially reduce the stability of closely-spaced multi-planet systems orbiting within the habitable zones of α Centauri A and B relative to that of comparably-spaced planets orbiting single stars. The most closely-spaced two planet system that we found to survive for at least 6 Gyr was in orbit around α Cen B and initially had β = 6.3, which is much greater than the minimum value of β = 2 √ 3 ≈ 3.464 required for Hill stability around single stars. The companion star induces a "forced" eccentricity on circumstellar planetary orbits within a binary system, and starting planets with orbital eccentricities close to their forced eccentricities generally allowed for more closely-packed systems than for planets with initially circular orbits.
We found that three 1 M ⊕ planets can stably orbit around α Cen A within the conservative HZ and four planets can stably orbit within its optimistic (empirical) HZ. For α Cen B, four planets can survive in the conservative HZ, while five can remain in its optimistic HZ. We also found cases where one additional planet could orbit slightly exterior to the HZ of α Cen B, so it is quite possible that with a higher resolution grid in β and/or a slightly different choice for initial planetary eccentricities, five planets might survive in the conservative HZ and six could remain in its optimistic HZ. (See Table 2 for HZ limits in terms of β.) Spacing planets non-uniformly may also allow more planets to orbit stably within these stars' HZs, as could more exotic configurations such as retrograde trajectories relative to the binary orbit and co-orbital (e.g., Trojan) planets, but we leave studies of these configurations to future work.
Overall, at least nine planets could orbit within habitable zones of the stars α Centauri A and B. However, more studies are needed to fully understand the possible formation environment for these types of systems and which types of initial architectures would be more typical. Our results demonstrate some of the various dynamical effects possible within the lifetime of the binary system. If all of the planets initially orbit well interior to the single-planet stability limit found by Quarles & Lissauer (2016) , then perturbations from the companion star have only a slight destabilizing effect on three and five planet systems; however, they are still fundamentally important to two planet systems. The regime near the outer stability limit exhibits strong destabilizing perturbations of the outermost planet in the system by long-term external forcing due to N : 1 resonances with the stars' mutual orbit. Fortuitously, multi-planet systems can survive in large regions of the HZs of both stars, and these regions should be the focus of efforts to detect many potential worlds orbiting around our closest stellar neighbors. Comparison of the lifetimes of three planet systems orbiting α Cen B using the older (solid curve) and the newer (dashed curve) parameters for the binary system. The interplanetary spacings β are measured in terms of the mutual Hill radius, which is slightly smaller for the newer parameters because the estimated mass of their host star has increased (see Eq. 2), thereby resulting in slightly larger values for β for a given ratio of orbital periods of neighboring 1 M⊕ planets. The results of individual runs are connected with a solid or dashed line in order to emphasize the displacements caused by the differences in resonance locations for different stellar parameters. Orbital schematics of the initial conditions for planets in our simulations that initially have an orbital spacing β = 10, shown from a top-down view. The empirical habitable zones, 0.32 S⊕ -1.78 S⊕, of each star are represented in green, with the dark green portions representing the conservative HZs, 0.32 S⊕ -1 S⊕. All planets orbit in the counterclockwise direction, as do the stars. Panels (a) and (b) illustrate five planet systems that begin the innermost planet at the inner edge of the host star's empirical HZ (light green). Panel (c) illustrates similar conditions, but for the conservative habitable zone (dark green) and presents a broader view of the system including both stars' habitable zones when the stars are at periapse. Lifetimes of initially circular two (a), three (b), and five (c) planet systems that orbit α Cen A are shown as a function of the interplanetary spacing parameter β. Black (red) points represent those systems that begin at the inner edge of the empirical (conservative) habitable zone. Open points represent systems that survived for the entire 10 Gyr time interval simulated. Simulations where the survival time t exceeds 6 Gyr are highlighted with vertical ticks in the space beyond 10 Gyr. A vertical (gray) line marks the two planet single star stability limit, β = 2 √ 3. Comparison of lifetimes of systems wherein the initial eccentricities of all the planets are set to the forced eccentricity at the semimajor axis of the outermost planet, eF (a5), (blue) to those with initial eccentricity of each planets is set to the forced eccentricity at its own semimajor axis, eF (aj), (black; plotted in panel (a) using the same data used for the black points in Figure 8c ) for five planets initially orbiting α Cen A. Panel (a) illustrates the similarities between the runs, and panel (b) shows at an expanded vertical scale the pointwise differences between the runs, with black points representing values of β where the system with eF (aj) is longer lived and blue points representing values of β where the system with eF (a5) survives longer. Horizontal red lines are plotted to guide the eye and differentiate between regions of random scatter and those that could be more significant. A vertical (gray) line marks the two planet single star stability limit, β = 2 √ 3. 
